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Cancer invasion and metastasis remains the root cause of mortality. This process involves alterations of
tumor microenvironment, particularly the remodeling of extracellular matrix, characterized by collagen
IV uncoiling, degradation, fragments deposition and cross-linking. Quantum dots-labeled molecular
probes are promising platforms to simultaneously study several subtle changes of key biomolecules,
because of their unique optical and chemical properties. Here we report on a quantum dots-based im-
aging technology to study key components in tumor microenvironment during cancer progression, so as
to gain new insights into the role of collagen IV plays, to deﬁne the cancer “invasion unit” and to develop
the “pulse-mode” of cancer invasion.
 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-SA license. 1. Introduction
Cancer is the leading cause of death worldwide, with 7.6 million
people died from cancer per year according to the latest statistics
[1]. Most cancer death is directly due to invasion andmetastasis [2],
which are 2 fundamental properties of cancer biological behaviors,
but the underlying mechanisms of cancer invasion remain elusive.
Many efforts focusing on cancer cells have been made over the past
century, revealing large amount of genetic and epigenetic infor-
mation [3e6]. In the meantime, the last decade has also witnessed
an ever increasing reappraisal of the fundamental concept that
cancer biological processes should be placed into context if we are
to gain meaningful information more applicable to clinics [7e9], in
terms of microenvironment-oriented cancer progression which
means in addition to cancer cells themselves, tumors exhibit
another dimension of complexity, containing a repertoire of
recruited, ostensibly normal cells contributing to the acquisition of
hallmark traits by creating tumor microenvironment. Thus, rich: þ86 27 67812892.
Ltd. Open access under CC BY-NC-SA liceninformation hidden in tumor stroma should be systematically
investigated if a complete understanding of cancer invasion biology
is to be realized.
Of note is the extracellular matrix (ECM), traditionally regarded
as physical scaffolds binding cells and tissues together. ECM
changes are common features of diverse pathological processes,
including tissue ﬁbrosis and cancer [10,11]. In clinical practice, the
correlation between tissue ﬁbrosis and cancer has attracted
increasing attention [12]. As a specialized form of ECM, the base-
ment membrane (BM), lying beneath epithelial and endothelial
cells, plays an important role in cell adhesion, proliferation, dif-
ferentiation, migration and tumor angiogenesis [13,14]. BM is
breached at the site of the vasculature bymetastasizing cancer cells
[15]. From a structural perspective, migrating cells will be con-
fronted with a semi-permeable barrier, the pore size of which is
dictated by both ECM density and cross-linking [16,17].
During cancer invasion, ECM scaffolds undergo considerable
structural remodeling, characterized by increased deposition of
ﬁbronectin, proteoglycans and collagens, and enhancedmatrix cross-
linking [18,19]. Collagens,major constituentsof ECM, serve as effective
barriers [20], can no longer be traditionally considered as a static and
passive background uponwhich metastasis takes place [18]. The bal-
ance of degrading and re-depositing in tumor stroma is brokenwhich
can actively induce epithelialemesenchymal transition (EMT) of
cancer cells [21,22] and stromal cells and immune response tose. 
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tweenECMandcancercells [24]. Epithelial invasion inbothcancerand
branching morphogenesis during development and angiogenesis,
requires cells interact with these collagens [15]. Among various kinds
of collagens, collagen IV is a major component of BM and it provides
scaffold for ECM constituents [13]. Since BM is a physical barrier to
resist cancer invasion, the destruction of collagen IV must be the
prerequisite for cancer invasion and metastasis, for which matrix
metalloproteinases (MMPs) play themost irreplaceable role [25],with
direct causative effects on tumor growth, invasion and angiogenesis
[23,26e28], by a host of mechanobiological mechanisms such as to
degrade collagens to pave a potential tunnel for escaping cancer cells
[25], to disturb tumor microenvironment producing additional me-
chanical force to induce EMT [24], and to expose active sites on
collagen ﬁbers to recruit monocytes leading to a cascade of innate
immuno-inﬂammatory reactions [29]. Based on the dynamic
changes of collagen IV, both immune cells inﬁltration and tumorFig. 1. Typical collagen IV alterations in different tumor tissues. (A1eA3) show linear typ
surrounding GC nests. (C1eC3) show fragmented type of collagen IV depositing in ECM of
arrow heads indicate the sites with collagen IV changes). Scale bar: 50 mm for A1, A2, C1, Cangiogenesis can be activated, to form “tumor microenvironment of
metastasis” [30].
Quantum dots are engineered nanoparticles with special optical
and electronic properties which have promising applications in
biomedicine [31]. Compared with organic dyes and ﬂuorescent
proteins, QDs have unique features such as size and composition-
tunable light emission, enhanced signal brightness, and resistance
to photobleaching [32,33]. This study was designed to harness the
properties of QDs to investigate the dynamic changes of collagen IV
during cancer invasion, so as to better understand the role of tumor
microenvironment in cancer progression.
2. Materials and methods
2.1. Preparation for human cancer tissues
Formalin-ﬁxed parafﬁn-embedded human cancer tissues were obtained from
Zhongnan Hospital of Wuhan University and Central Hospital of Wuhane of collagen IV aligned with HCC nests. (B1eB3) show irregular type of collagen IV
GC. (D1eD3) show collagen IV disappears both in ECM and around tumor nests. (Red
2 & D1; 20 mm for A3, C3, B1, B2, B3, D2 & D3.
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mittee of hospital. Written informed consent was obtained from the patients before
surgery, with permission to use the specimens for scientiﬁc research purposes as
well as clinical pathological studies. According to our previously established tech-
nical procedure [33], tissue sections (4 mm thickness) were treated by deparafﬁ-
nizing, hydration, antigen retrieval, and washing in deionized water before
proceeding to the following imaging studies.
2.2. Immunohistochemistry
For immunohistochemistry (IHC) staining, endogenous peroxidase activity was
blocked by immersing in 3% H2O2 for 10min to prevent any nonspeciﬁc binding. After
blocked with 2% bovine serum albumin (BSA), the slides were ﬁrst incubated with
primary antibodies for rabbit anti-human polyclonal antibody against collagen IV (ab-
6586, Abcam, England, dilution 1/300), mouse anti-human monoclonal antibody
against macrophages (MA1-38069, ABR, USA, dilution 1/300) and goat anti-human
polyclonal antibody against CD105 (sc-20072, Santa Cruz, USA, dilution 1/500) for
2 h at 37 C, then with corresponding secondary antibody, including peroxidase
labeled anti-goat IgG (H þ L) antibody (14-13-06, KPL, USA, dilution 1/300), peroxi-
dase labeled anti-mouse IgG (H þ L) antibody (074-1806, KPL, USA, dilution 1/300)
and peroxidase labeled anti-rabbit IgG (Hþ L) antibody (074-1506, KPL, USA, dilution
1/300) for 30 min at 37 C, respectively. The reaction products were visualized with
diaminobenzidine (DAKO, Denmark). As a negative control, primary antibody was
replaced with Tris-buffered saline on sections that were proven to be positive for
collagen IV, macrophages and CD105 in preliminary experiments.
2.3. QDs-based molecular imaging
For QDs-based immunoﬂuorescent imaging, after being blocked with 2% BSA for
30min at 37 C, slides were incubatedwith above primary antibodies for collagen IV,
macrophages and CD105 at 37 C for 2 h. Then slides were incubated with corre-
sponding secondary antibodies for 2 h at 37 C after another blockade with 2% BSA
for 30 min. The QDs probes were QDs-585 goat F(ab’)2 anti-rabbit IgG conjugate
(Invitrogen, USA, dilution 1/400, emitting yellow light), QDs-525 goat F(ab’)2 anti-
mouse IgG conjugate (Invitrogen, USA, dilution 1/200, emitting green light) and
QDs-655 rabbit F(ab’)2 anti-goat IgG conjugate (Invitrogen, USA, dilution 1/1000,
emitting red light).
For multiplexed QDs staining, a mixture of 3 primary antibodies from different
species (e.g. mouse, rabbit and goat) was used to simultaneously recognize 3 pri-
mary antigens in tissue sections. A mixture of 3 QDs probes was applied to stain the
corresponding antibodies for 2 h at 37 C.Fig. 2. Morphological changes of collagen IV in tumor tissues based on QDs-585 molecu
compared with outer layer, especially at invasion front. (B) Double-layer collagen IV surrou
loose with multiple-layer. (D) Collagen IV in intrahepatic biliary carcinoma nests presents
changes). Scale bar: 10 mm for A, B, C & D.2.4. Image acquisition and processing
Slides were examined under Olympus BX51 ﬂuorescence microscope equipped
with an Olympus DP72 camera (Olympus Optical Co., Ltd., Tokyo, Japan). QDs-
stained slides were excited by ultraviolet light (UV, 330e385 nm) and the images
were captured by DP72 camera.
As QDs images were obtained by simultaneous labeling collagen IV, macro-
phages and CD105, these major constitutes in tumor microenvironment could be
shown in the same tissue slide, making it possible to study the temporal-spatial
changes of these components relative to tumor growth and invasion.
3. Results and discussion
3.1. Characteristics of collagen IV in tumor tissues
Collagen IV, the most abundant constituent of ECM, presents
mainly in stroma to compartmentalize tumor nests. Based on the
morphological characteristics of collagen IV in different tumor
tissues, 4 types of collagen IV alterations could be observed (Fig. 1).
These are: (1) Linear collagen IV in ECM, which forms a stiff and
rigid layer aligned with tumor nests to augment the tensile force
within hepatocellular carcinoma (HCC) (Fig. 1A1eA3); (2) Irregular
collagen IV surrounding tumor nests of gastric cancer (GC)
(Fig. 1B1eB3); (3) Fragmented collagen IV in ECM, in which tumor
nests are immersed (Fig. 1C1eC3); (4) Disappearance of collagen IV
both among tumor nests and in tumor stroma (Fig. 1D1eD3).
Although conspicuous heterogeneous distribution and
morphology of collagen IV are observed, several common features
are evident. For example, the type of irregular collagen IV sur-
rounding tumor nests can be observed in different tumor tissues
(Fig. 2): (1) Collagen IV in breast cancer (BC) usually shows a double-
layer structure surrounding tumor nests,with a fuzzy inner layer and
a discontinuous outer layer extending local protrusions into tumor
stroma, forming invasion front (Fig. 2A); (2) Collagen IV in GC
commonly shows fragmented and distorted double-layer or multi-
layer structure, with many tiny fragments haphazardly scattered inlar imaging. (A) Double-layer collagen IV surrounds BC nests with fuzzy inner layer
nds GC nests with irregular deposition in ECM. (C) Collagen IV surrounding CC nests is
double-layer at invasion front. (Red arrow heads indicate the sites with collagen IV
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(Fig. 2B); (3) Collagen IV in cervical carcinoma (CC) shows a loose and
stratiﬁed structure constraining tumor nests, with many obscure
collagen fragments distributed discretely at the site of BM (Fig. 2C);
(4) Collagen IV in intrahepatic biliary carcinoma often shows a
double-layer structure at invasion front, with rich expression at the
interfaces between two tumor nests (Fig. 2D).
Such different alterations of collagen IV, from abundant to
absent, may indicate the different modes of cancer cells migra-
tion [34,35] related with different invasion patterns as reported
previously in our group [36]. And the common features of
collagen IV, may suggest the same invasion pathway of different
cancers.
3.2. Dynamic changes of collagen IV during invasion of
adenocarcinoma based on GC and HCC
During progression of different pathologic types of GC, collagen
IV and surrounding tumor microenvironment demonstrate signif-
icant heterogeneity in macrophages and tumor neo-vessels.Fig. 3. Dynamic changes of tumor microenvironment in well-differentiated tubular adenoca
shows GC nests are surrounded by intact and dense collagen IV almost without degradation a
front (Red arrows) with increased irregular collagen IV deposition in ECM. (DeF) show incre
CD105 expression in peri-tumor tissue and GC tissue, respectively. (I) shows double-staining
show multiplexed imaging of collagen IV, macrophages and CD105, in which cancer cells, m
“invasion unit”). Scale bar: 50 mm for A, D, E, G, H & J; 20 mm for B, C, F & K; 10 mm for I &In well-differentiated tubular adenocarcinoma, collagen IV is
observed to have dynamic interplays with tumor nests (Fig. 3).
Fig. 3A shows collagen IV expression and macrophages in peri-
tumor tissue of GC. At initial stage of GC invasion, collagen IV in-
creases and encapsulates whole tumor nests to constrain cancer
cells escaping out, in response to tumor nests expansion (Fig. 3B).
Meanwhile, collagen IV undergoes a series of structural changes
such as cross-linking [37] and triple-helix uncoiling [38], in prep-
aration for cancer invasion andmigration. Then, collagen IV aligned
with GC nests forms a double-layer or evenmultiple-layer complex,
which provides space for collagen IV degradation at invasion front
[19]. When invasive cancer cells form cluster protrusions, disap-
pearance of collagen IV could be observed as a result of degrada-
tion, which indicates collective invasion mode of GC (Fig. 3C) [35].
At the same time, this collagen IV degradation at invasion front is
accompanied with increased irregular collagen IV deposition in
ECM. And collagen IV in tumor stroma keeps remodeling to become
stiff and rigid (Fig. 3DeF). Concomitantly, abundant irregular tumor
neo-vessels and macrophage clusters present in ECM (Fig. 3GeI).
Multiplexed imaging clearly shows collagen IV and tumor neo-rcinoma of GC. (A) shows collagen IV and macrophages in peri-tumor tissue of GC. (B)
nd ECM deposition. (C) shows collagen IV aligned with GC nests is degraded at invasion
ased deposition of collagen IV in tumor stroma, presenting stiff and rigid. (GeH) show
of macrophages and CD105 in GC tissue, in which tumor macrophages aggregate. (JeL)
acrophages and tumor neo-vessels constitute “invasion unit” (Red square indicates an
L.
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vascularization. In this way, collagen remodeling disturbs tensional
homeostasis in ECM [39], increases tumor angiogenesis [40] and
induces immune responses to favor cancer invasion and migration
[41]. As well, tumor neo-vessels provide pathways for immune cells
inﬁltration [19], so as to form the so-called “invasion units”, con-
sisted of cancer cells, macrophages and tumor neo-vessels (Fig. 3Je
L). In multiplexed imaging based on QDs, macrophages are green
and tumor neo-vessels expressing CD105 are red. At lower power,
we can observe macrophages mainly distribute in ECM, by which
we can propose that “invasion unit” may preferentially localize to
peripheral aspects of tumor tissues, rather than central. High power
examination reveal macrophages and tumor neo-vessels are
apposed to cancer cells, thus deﬁning as “invasion unit”, otherwise,
the deﬁnition of “invasion unit” is not met.
During progression of poorly-differentiated adenocarcinoma,
tumor stroma shows different features. Collagen IV in tumor
stroma mainly functions as scaffolds for tumor neo-vessels, and
remaining few collagen in tumor stroma presents stiff and rigid
(Fig. 4AeB). Double-staining of tumor neo-vessels and collagen IV
demonstrates collagen IV and tumor neo-vessels occur hand in
hand, conﬁrming that collagen IV provides scaffolds for tumor neo-
vessels (Fig. 4C). Tumor neo-vessels and macrophages in poorly-
differentiated adenocarcinoma are much more abundant than
those in well-differentiated adenocarcinoma (Fig. 4DeE), and the
morphology of macrophages are much more irregular (Fig. 4F). The
multiplexed imaging of collagen IV, macrophages and tumor neo-
vessels shows the close proximity of these 3 components com-
bined with cancer cells, to form “invasion unit” (Fig. 4GeI), and
tumor associated macrophages could be chemo-attracted byFig. 4. Dynamic changes of tumor microenvironment in poorly-differentiated adenocarcino
collagen IV and tumor neo-vessels co-localize in situ. (D) shows abundant tumor neo-vesse
staining of collagen IV and macrophages. (GeI) show multiplexed imaging of collagen IV, m
which the invasion units are much more than well-differentiated GC (Red square indicates acollagen IV remodeling during cancer invasion [42]. Although tu-
mor stroma is less in poorly-differentiated adenocarcinoma than
well-differentiated adenocarcinoma, the “invasion units” are much
more, and are distributed uniformly across an entire tumor. Typi-
cally, they are regarded as single structures scattered throughout
the carcinoma, so the “invasion ﬁeld” consisted of “invasion units”
is much stronger than in well-differentiated adenocarcinoma.
Moreover, in poorly-differentiated adenocarcinoma, single cell
migration based on invasion units is the major mode of cancer
progression, different from but faster than the collective invasion
mode in well-differentiated adenocarcinoma [35]. These features
may account for the worse prognosis of poorly-differentiated
adenocarcinoma.
Based on collagen IV imaging with QDs-585, ECM changes of
HCC can be revealed. In peri-tumor tissues, collagen IV expression
is low in liver parenchyma and absent in stroma (Fig. 5A1eA2). In
liver cirrhosis tissue, collagen IV is randomly distributed in liver
parenchyma tissue accompanied with rich expression in stroma,
still retaining curling and elastic property (Fig. 5B1eB2). In com-
parison, collagen IV in HCC stroma is more abundant, rigid and
aligned with HCC nests (Fig. 5C1eC3). These morphological
changes in collagen IV could have profound impact on biological
behaviors of HCC, as such ECM remodeling in HCC stroma charac-
terized by prominent reorientation of collagen IV is the result of a
continuous degradation and re-patterning of collagen IV, making
collagens harder, increasing mechanical stress in tumor nests
driving cancer cells escaping [24]. It also conﬁrms that chronic
ﬁbrosis is a driving force behind certain cancers and reactive
ﬁbrosis exists at invasion front of invasive cancers. In this way, the
increased collagen density, together with other molecules, decoratema of GC. (AeB) show collagen IV in both tumor nests and tumor stroma. (C) shows
ls among tumor nests. (E) shows rich macrophages in tumor tissue. (F) shows double-
acrophages and tumor neo-vessels in poorly-differentiated adenocarcinoma of GC, of
n “invasion unit”). Scale bar: 50 mm for A, C, D & G; 20 mm for B, E & H; 10 mm for F & I.
Fig. 5. Collagen IV changes in HCC compared with liver cirrhosis and peri-tumor tissues. (A1-A2) show deﬁcient and absent collagen IV expression in peri-tumor tissues of liver.
(B1eB2) show rich and elastic collagen IV in liver cirrhosis tissue. (C1eC3) show rigid and stiff collagen IV in HCC tissues. Scale bar: 100 mm for C1; 50 mm for A1, B1 & C2; 20 mm for
A2, B2 & C3.
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stroma. Further, cancer cells sense differences in physical collagen
properties and migrate preferentially toward regions of increased
stiffness, termed durotaxis, making it easily invade and migrate by
multi-cellular streaming [35]. Consequently, up-regulation of
collagen production in tumor stroma favors cancer cells invasion
and metastasis [39].
3.3. Dynamic changes of collagen IV during invasion of squamous
cell carcinoma based on CC
Key events of cancer invasion are demonstrated by multiple
molecular markers imaging of tumor and peri-tumor tissues. Spe-
cial attention is paid to 3 major components involved in cancer
invasion: monocytes inﬁltration represented by macrophages, tu-
mor vascularization represented by CD105, and tumor stroma
remodeling represented by collagen IV changes. Collagen IV
changes in CC are imaged by both traditional IHC and QDs-based
imaging technology, which reveal smooth, intact and linear
collagen IV well-aligned with BM in peri-tumor tissue (Fig. 6A1e
A2), but this smooth collagen IV line disappears in CC in situ, fol-
lowed by increased collagen IV deposition forming dense layers
(Fig. 6B1eB2), then the dense collagen IV deposition becomes loose
and fuzzy in micro-invasive CC (Fig. 6C1eC2), together with
increased deposition in ECM, leading to rigid and stiff morphology
of collagen IV (Fig. 6D1eD2), accompanied with cancer cells clus-
ters protrusion into CC stroma and neo-vessels formation in ECM
nearby.
In addition, macrophages and tumor neo-vessels present dy-
namic evolution from peri-tumor to invasive CC: (1) In peri-tumor
tissue, there are almost no macrophages and few regular and intact
vessels (Fig. 7A1eA3); (2) In micro-invasive CC, macrophages pre-
sent mainly in stroma accompanied with irregular and incompletetumor neo-vessels (Fig. 7B1eB3); (3) In invasive CC, macrophages
are extensively distributed in small clusters among cancer cells and
in stroma, with prominent tumor neo-vessels surrounding tumor
nests (Fig. 7C1eC3). Meanwhile, macrophages are larger and more
irregular in tumor nests than in ECM. Double-staining of macro-
phages and tumor neo-vessels reveal typical “invasion unit” in
tumor nests (Fig. 7D1eD3).
This dynamic changes of collagen IV during cancer invasion
imply that collagen is not merely a mechanical barrier as is consid-
ered traditionally [20]. Compared with triple-helical structure of
collagen IV with a diameter of 15 nm, structures of the catalytic
domain of MMPs reveal a small catalytic site of approximately 5 nm
[23]. So, before collagen is facilitated by MMPs in an active process
known as “molecular tectonics” [38], collagen IV must undergo
uncoiling, presenting multi-layer at early stage of CC invasion pro-
cess. Furthermore, loose collagen derived from dense andmultiple-
layer collagen followedby increaseddeposition in ECM indicates the
process of degradation of collagen IV and production of collagen IV
peptides. And the latter is reported to expose active sites to induce
tumor angiogenesis [19] and recruitmonocytes, triggering a cascade
of innate immunoeinﬂammatory reactions [43], which is consistent
with results of increased macrophages and neo-vessels observed in
ECM in CC tissues. And also stiff and rigid collagen IV in CC may
function as highways for cancer cells migration, which is reported
that linearization of collagen is most adjacent to tumor vasculature
and in areaswith cancer cells invasion [18]. Such changes of collagen
IVare another frontier to explore the complexmechanismsof cancer
progression from the perspectives of extracellular milieu.
Once again, this study has demonstrated the technical advan-
tages of QDs in multiplexed imaging of tumor environment.
Although the importance of tumormicroenvironmenthas longbeen
recognized, relevant researches in this ﬁeld have been slow and
inadequate,mainly due to technical inadequacies to simultaneously
Fig. 6. Dynamic changes of collagen IV during progression of CC. (A1-A2) show regular and linear collagen IV in peri-tumor tissue. (B1eB2) show multi-layer collagen IV of in situ
CC. (C1eC2) show fuzzy and disappeared collagen IV in micro-invasive CC. (D1-D2) show stiff and rigid collagen IV in stroma of invasive CC. Scale bar: 50 mm for A1, A2, D1 & D2;
20 mm for B1, B2, C1 & C2.
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microenvironment. Currently, IHC is the most widely used method,
but with disadvantages such as prone to interfering factors and
subjective interpretation [33]. And traditional organic ﬂuorescent
dyes are notproper for clinicallyapplicablemolecular pathologydue
to inadequate ﬂuorescent efﬁciency and intensity, poor photo-
stability, and autoﬂuorescence interferences. In contrast, QDs are
not restricted by these disadvantages, with unique properties such
as size- and composition-tunable light emission, enhanced signalbrightness, and resistance to photobleaching. In addition, different
QDscanbe simultaneouslyexcited toemitdifferent colorsbya single
light source,withminimal spectral overlapping [36]. This property is
quite suitable for investigating the mechanisms of cancer progres-
sion by analyzing the co-evolution of cancer cells and their sur-
rounding tumor microenvironment at the architectural level. Thus
the QDs-based multiplexing molecular imaging technology could
help establish a holistic approach to studying the complex biologyof
cancer invasion.
Fig. 7. Comparison between CC tissue and peri-tumor tissue based on multiple molecular biomarkers. (A1), (B1) & (C1) show macrophages in peri-tumor tissue, CC in situ and
invasive CC tissue, respectively. (A2), (B2) & (C2) show tumor neo-vessels in peri-tumor tissue, CC in situ and invasive CC tissue, respectively. (A3), (B3) & (C3) show QDs-based
double-staining of macrophages and tumor neo-vessels in peri-tumor tissue, CC in situ and invasive CC tissue, respectively. (D1eD3) show macrophages and tumor neo-vessels
co-localize in tumor, and macrophages among tumor nests are much larger and more irregular than those in ECM of invasive CC (Red square indicates an “invasion unit”).
Scale bar: 50 mm for A1, A2, A3, B1, B2, B3, C1, C2, C3 & D1; 20 mm for D2; 10 mm for D3.
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during cancer invasion
It has been generally recognized that cancer invasion is a multi-
factor and multi-step continuum, with a variety of molecular dys-
functions and cell signaling deregulations, which ultimately result
in altered tumor microenvironment favoring cancer progression
[44]. The temporal-spatial evolutions of microenvironment and the
interplays between cancer cells and their microenvironment are
critical in every aspect of tumor development, including cancer
cells dormancy, proliferation, invasion and migration [9]. Currently,
the importance of tumor microenvironment has been increasingly
appreciated, from the role of ECM and matrix rigidity in deter-
mining polarity and growth potential of tissues, to the extracellular
metabolism of growth factors and matrix molecules during cancer
progression and metastasis, especially the signiﬁcant role of
collagen [18,24,34].
Collagen IV, one of the most abundant constituent of ECM, is
expressed mainly at BM to constrain cancer cells. As tumor mass
expands, central hypoxia becomes evident, which stimulatescancer cells to secrete LOX (lysyl oxidase), triggering a cascade of
collagen IV cross-linking [19,45] to produce amorphous, dense and
sheet-like deposition at BM on one hand, which subsequently un-
dergoes a series of structural changes based on collagen IV
uncoiling for degradation. Meanwhile, stress in ECM increases,
triggering cancer cells invade into ECM to reduce the stress. At
invasion front, cancer cells secrete MMPs to degrade collagen IV
into fragments, accompanied with triple-helix uncoiling of collagen
IV. Once collagen IV at invasion front disappears, cancer cells are
shed from large tumor nests to form new clusters. On the other
hand, LOX takes part in cross-linking fragmented collagen IV in
ECM to increase tissue stiffness, which can activate integrins [46],
drive adhesion assembly [47], inﬂuence focal adhesion formation
[48], increase focal adhesion kinase activity [49], and eventually
enhance cancer cells proliferation, invasion, migration and tumor
angiogenesis [24].
Such changes both at BM, i.e., collagen IV increase ﬁrst followed
by degradation, and in ECM, i.e., collagen IV fragments re-
deposition and linearization, contribute to forming “invasion
ﬁeld”, ﬁnally leading to collective cancer cells shedding from large
Fig. 8. Pulse-mode of cancer invasion and metastasis. As tumor mass expands, ECM remodeling occurs characterized by collagen IV changes including degradation and re-
deposition. Prominent central hypoxia cancer cells secrete LOX to cross-link collagen IV to constrain cancer cells and subsequently to be degraded followed by increasing
collagen IV deposition in ECM. Tumor mass becomes increasingly harder with tumor stroma stiffening causing high ECM stress. With cancer cells proliferation, tension becomes
increasingly higher, till reaching a critical point, where large tumor nests “burst”, releasing many tiny seeding nests and reducing the central ECM tension. The resulting seeding
tumor nests repeat the same process of tumor mass growth/prominent central hypoxia/collagen IV cross-linking and deposition/ECM remodeling/ECM stress buil-
dup/tumor nest burst, leading to accelerated cancer progression in this rich “soil” of dysfunctional tumor microenvironment.
M. Fang et al. / Biomaterials 34 (2013) 8708e87178716tumor nests to form independent small seeding tumor nests. These
seeding small tumor nests will repeat the same cycle of ECM
remodeling. Based on this study and in combination with other
reports, here we propose a “pulse-mode” of cancer progression
(Fig. 8): with cancer cells proliferation and growth of tumor nests,
dynamic changes of tumor microenvironment and co-evolution
between cancer cells and tumor microenvironment, ECM stress
increases progressively, till reaching a critical point called
“biomechanical trigger” [24], when large tumor nests “burst” to
shed off many tiny seeding cancer cells with central ECM stress
decrease. The seeding cancer cells either colonize at this “fertile
soil” of dysfunctional tumor microenvironment or migrate to
distant target organs. The newly colonized cancer cells repeat the
same process of tumor mass growth/prominent central hypo-
xia/collagen IV cross-linking and deposition/ECM remod-
eling/ECM stress buildup/tumor nest burst, but it may take lesstime to reach the trigger and “burst” again as the surrounding
microenvironment has changed to favor cancer growth and inva-
sion. In this way, cancer invasion and metastasis is greatly
enhanced by tumor nests “burst” cycle.
In terms of clinical implication, the potential signiﬁcance of this
“pulse-mode” theory is as following: (1) Strategies to decrease ECM
stress, delay or block tumor nests “burst” could be helpful to curb
cancer invasion and migration; (2) For cancer treatment, modu-
lating tumor microenvironment should be highlighted, in addition
to reducing growth and proliferate activity of cancer cells.
4. Conclusion
This study successfully combined QDs with clinical research,
which broadened the application of QDs in biomedicine. Taking
advantages of QDs-basedmultiplexed imaging technology, collagen
M. Fang et al. / Biomaterials 34 (2013) 8708e8717 8717IV representing ECM, macrophages representing cancer immune
inﬁltration, CD105 representing tumor neo-vessels and cancer cells
were imaged simultaneously. And according to the co-evolution of
cancer cells and tumor microenvironment, here we developed a
cancer invasion mode called “pulse-mode”, to deeply understand
the co-evolution of cancer cells and tumor microenvironment
during cancer progression.
Acknowledgement
This study was supported by the National Natural Science
Foundation of China (No 81230031/H18), the National Science and
Technology Major Project (No 2012ZX10002012-12), the National
University Students Innovation Training Project of China (No
111048673) and the Academic Award for Excellent Ph.D. Candidates
Funded by Ministry of Education of China (No 5052011303014).
References
[1] Jemal A, Bray F, Center MM, Ferlay J, Ward E, Forman D. Global cancer sta-
tistics. CA-cancer J Clin 2011;61(2):69e90.
[2] Friedl P, Wolf K. Tumour-cell invasion and migration: diversity and escape
mechanisms. Nat Rev Cancer 2003;3(5):362e74.
[3] Rosner M, Hengstschlager M. Targeting epigenetic readers in cancer. N Engl J
Med 2012;367(18):1764e5.
[4] Giovannetti E, Codacci-Pisanelli G, Peters GJ. TFAP2E-DKK4 and chemo-
resistance in colorectal cancer. N Engl J Med 2012;366(10):966.
[5] Gerlinger M, Rowan AJ, Horswell S, Larkin J, Endesfelder D, Gronroos E, et al.
Intratumor heterogeneity and branched evolution revealed by multiregion
sequencing. N Engl J Med 2012;366(10):883e92.
[6] Dawson MA, Kouzarides T, Huntly BJ. Targeting epigenetic readers in cancer.
N Engl J Med 2012;367(7):647e57.
[7] Wu SD, Ma YS, Fang Y, Liu LL, Fu D, Shen XZ. Role of the microenvironment in
hepatocellular carcinoma development and progression. Cancer Treat Rev
2012;38(3):218e25.
[8] Nguyen-Ngoc KV, Cheung KJ, Brenot A, Shamir ER, Gray RS, Hines WC, et al.
ECM microenvironment regulates collective migration and local dissemina-
tion in normal and malignant mammary epithelium. Proc Natl Acad Sci U S A
2012;109(39):E2595e604.
[9] Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell
2011;144(5):646e74.
[10] Schafer M, Werner S. Cancer as an overhealing wound: an old hypothesis
revisited. Nat Rev Mol Cell Biol 2008;9(8):628e38.
[11] Araya J, Nishimura SL. Fibrogenic reactions in lung disease. Annu Rev Pathol
2010;5:77e98.
[12] Martin LJ, Boyd NF. Mammographic density. Potential mechanisms of breast
cancer risk associated with mammographic density: hypotheses based on
epidemiological evidence. Breast Cancer Res 2008;10(1):201.
[13] Kalluri R. Basement membranes: structure, assembly and role in tumour
angiogenesis. Nat Rev Cancer 2003;3(6):422e33.
[14] Simpson LO. Basement membranes and biological thixotropy: a new hy-
pothesis. Pathology 1980;12(3):377e89.
[15] Rowe RG, Weiss SJ. Breaching the basement membrane: who, when and how?
Trends Cell Biol 2008;18(11):560e74.
[16] Hotary K, Li XY, Allen E, Stevens SL, Weiss SJ. A cancer cell metalloprotease
triad regulates the basement membrane transmigration program. Genes Dev
2006;20(19):2673e86.
[17] Poschl E, Schlotzer-Schrehardt U, Brachvogel B, Saito K, Ninomiya Y, Mayer U.
Collagen IV is essential for basement membrane stability but dispensable for
initiation of its assembly during early development. Development
2004;131(7):1619e28.
[18] Egeblad M, Rasch MG, Weaver VM. Dynamic interplay between the collagen
scaffold and tumor evolution. Curr Opin Cell Biol 2010;22(5):697e706.
[19] Erler JT, Bennewith KL, Cox TR, Lang G, Bird D, Koong A, et al. Hypoxia-
induced lysyl oxidase is a critical mediator of bone marrow cell recruitment to
form the premetastatic niche. Cancer Cell 2009;15(1):35e44.
[20] Sabeh F, Shimizu-Hirota R, Weiss SJ. Protease-dependent versus -independent
cancer cell invasion programs: three-dimensional amoeboid movement
revisited. J Cell Biol 2009;185(1):11e9.
[21] Friedl P, Locker J, Sahai E, Segall JE. Classifying collective cancer cell invasion.
Nat Cell Biol 2012;14(8):777e83.
[22] Barker HE, Cox TR, Erler JT. The rationale for targeting the LOX family in
cancer. Nat Rev Cancer 2012;12(8):540e52.[23] Nerenberg PS, Salsas-Escat R, Stultz CM. Collagenea necessary accomplice in
the metastatic process. Cancer Genomics Proteomics 2007;4(5):319e28.
[24] Torzilli PA, Bourne JW, Cigler T, Vincent CT. A new paradigm for mechano-
biological mechanisms in tumor metastasis. Semin Cancer Biol 2012;22(5e6):
385e95.
[25] Page-McCaw A, Ewald AJ, Werb Z. Matrix metalloproteinases and the regu-
lation of tissue remodelling. Nat Rev Mol Cell Biol 2007;8(3):221e33.
[26] Taniwaki K, Fukamachi H, Komori K, Ohtake Y, Nonaka T, Sakamoto T, et al.
Stroma-derived matrix metalloproteinase (MMP)-2 promotes membrane
type 1-MMP-dependent tumor growth in mice. Cancer Res 2007;67(9):
4311e9.
[27] Hu M, Yao J, Carroll DK, Weremowicz S, Chen H, Carrasco D, et al. Regu-
lation of in situ to invasive breast carcinoma transition. Cancer Cell
2008;13(5):394e406.
[28] Devy L, Huang L, Naa L, Yanamandra N, Pieters H, Frans N, et al. Selective
inhibition of matrix metalloproteinase-14 blocks tumor growth, invasion, and
angiogenesis. Cancer Res 2009;69(4):1517e26.
[29] Parks WC, Wilson CL, Lopez-Boado YS. Matrix metalloproteinases as modu-
lators of inﬂammation and innate immunity. Nat Rev Immunol 2004;4(8):
617e29.
[30] Robinson BD, Sica GL, Liu YF, Rohan TE, Gertler FB, Condeelis JS, et al. Tumor
microenvironment of metastasis in human breast carcinoma: a potential
prognostic marker linked to hematogenous dissemination. Clin Cancer Res
2009;15(7):2433e41.
[31] Resch-Genger U, Grabolle M, Cavaliere-Jaricot S, Nitschke R, Nann T.
Quantum dots versus organic dyes as ﬂuorescent labels. Nat Methods
2008;5(9):763e75.
[32] Chen LD, Liu J, Yu XF, He M, Pei XF, Tang ZY, et al. The biocompatibility of
quantum dot probes used for the targeted imaging of hepatocellular carci-
noma metastasis. Biomaterials 2008;29(31):4170e6.
[33] Chen C, Peng J, Xia H-S, Yang G-F, Wu Q-S, Chen L-D, et al. Quantum dots-
based immunoﬂuorescence technology for the quantitative determination of
HER2 expression in breast cancer. Biomaterials 2009;30(15):2912e8.
[34] Wolf K, Alexander S, Schacht V, Coussens LM, von Andrian UH, van Rheenen J,
et al. Collagen-based cell migration models in vitro and in vivo. Semin Cell
Dev Biol 2009;20(8):931e41.
[35] Friedl P, Alexander S. Cancer invasion and the microenvironment: plasticity
and reciprocity. Cell 2011;147(5):992e1009.
[36] Peng CW, Liu XL, Chen C, Liu X, Yang XQ, Pang DW, et al. Patterns of cancer
invasion revealed by QDs-based quantitative multiplexed imaging of tumor
microenvironment. Biomaterials 2011;32(11):2907e17.
[37] Xiao Q, Ge G. Lysyl oxidase, extracellular matrix remodeling and cancer
metastasis. Cancer Microenviron 2012;5(3):261e73.
[38] Overall CM. Molecular determinants of metalloproteinase substrate speci-
ﬁcity: matrix metalloproteinase substrate binding domains, modules, and
exosites. Mol Biotechnol 2002;22(1):51e86.
[39] Paszek MJ, Zahir N, Johnson KR, Lakins JN, Rozenberg GI, Gefen A, et al.
Tensional homeostasis and the malignant phenotype. Cancer Cell 2005;8(3):
241e54.
[40] Peng CW, Tian Q, Yang GF, Fang M, Zhang ZL, Peng J, et al. Quantum-dots
based simultaneous detection of multiple biomarkers of tumor stromal fea-
tures to predict clinical outcomes in gastric cancer. Biomaterials 2012;33(23):
5742e52.
[41] Postlethwaite AE, Kang AH. Collagen-and collagen peptide-induced chemo-
taxis of human blood monocytes. J Exp Med 1976;143(6):1299e307.
[42] Weathington NM, van Houwelingen AH, Noerager BD, Jackson PL,
Kraneveld AD, Galin FS, et al. A novel peptide CXCR ligand derived from
extracellular matrix degradation during airway inﬂammation. Nat Med
2006;12(3):317e23.
[43] Bignon M, Pichol-Thievend C, Hardouin J, Malbouyres M, Brechot N,
Nasciutti L, et al. Lysyl oxidase-like protein-2 regulates sprouting angiogenesis
and type IV collagen assembly in the endothelial basement membrane. Blood
2011;118(14):3979e89.
[44] Hoon DS, Kitago M, Kim J, Mori T, Piris A, Szyfelbein K, et al. Molecular
mechanisms of metastasis. Cancer Metast Rev 2006;25(2):203e20.
[45] Erler JT, Bennewith KL, Nicolau M, Dornhöfer N, Kong C, Le Q-T, et al. Lysyl
oxidase is essential for hypoxia-induced metastasis. Nature 2006;440(7088):
1222e6.
[46] Tzima E, del Pozo MA, Shattil SJ, Chien S, Schwartz MA. Activation of integrins
in endothelial cells by ﬂuid shear stress mediates Rho-dependent cytoskeletal
alignment. EMBO J 2001;20(17):4639e47.
[47] Galbraith CG, Yamada KM, Sheetz MP. The relationship between force and
focal complex development. J Cell Biol 2002;159(4):695e705.
[48] Riveline D, Zamir E, Balaban NQ, Schwarz US, Ishizaki T, Narumiya S, et al.
Focal contacts as mechanosensors: externally applied local mechanical force
induces growth of focal contacts by an mDia1-dependent and ROCK-
independent mechanism. J Cell Biol 2001;153(6):1175e86.
[49] Erler JT, Giaccia AJ. Lysyl oxidase mediates hypoxic control of metastasis.
Cancer Res 2006;66(21):10238e41.
